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in	 their	 carbonate	 shell	 layers	 (e.g.,	 Klein,	 Lohmann,	 &	 Thayer,	
1996;	 Vander	 Putten,	Dehairs,	 Keppens,	 &	Baeyens,	 2000).	 The	
genus	Mytilus	 is	 particularly	 useful	 as	 it	 tolerates	 a	 large	 range	
of	 environmental	 conditions	 from	high	 to	 low	 latitudes	 (Gosling,	
1992).	Mytilus	are	sessile	and	live	 in	colonies	 in	subtidal	or	 inter-






edulis	 can	 tolerate	 hypoxic	 and	 anoxic	 sea	water	 conditions	 be-
tween	5	and	16	days	by	closing	their	shell	valves	and	decreasing	




taining	 organic	 and	 inorganic	 particles.	When	 low	 algal	 concen-
trations	prevail,	Mytilus	close	their	shell	valves	(Riisgaard,	Egede,	















transport	 (Bentov,	 Brownlee,	 &	 Erez,	 2009;	 Carré	 et	al.,	 2006;	
Cervantes	et	al.,	2001;	Erez,	2003;	Klein	et	al.,	1996).	Chromium	












creates	 the	 site	 for	 calcification.	 The	 extrapallial	 fluid	 (EPF)	 of	









The	 carbonate	 shell	 of	 Mytilus	 consists	 of	 two	 polymorphs	
of	 carbonate:	 an	 outer	 shell	 layer	 consisting	 of	 calcite	 (prismatic)	
and	 an	 inner	 shell	 layer	 of	 aragonite	 plates	 (nacre,	 columnar;	 e.g.,	
Immenhauser,	 Schöne,	Hoffmann,	 &	Niedermayr,	 2016).	 The	mor-
phology	and	nucleation	process	of	the	mineralising	carbonates	are	





Skeletal	 carbonates,	 such	 as	mollusc	 shells,	 occur	 pervasively	
throughout	 the	 Phanerozoic	 rock	 record	 and	 are	 capable	 of	 re-
cording	 the	 chemical	 composition	 of	 precipitating	 sea	water.	 The	
Cr	 isotope	 system	 is	 increasingly	 used	 as	 a	 proxy	 for	 changes	 in	
surface	redox	conditions	 in	 the	past	as	 it	 is	assumed	that	 the	de-





reach	 the	 oceans	 through	 rivers.	 The	 reductive	 removal	 of	Cr(III)	
from	these	fluids	to	chemical	sediments	 is	consequently	assumed	
to	 lead	 to	 δ53Crsea	water	 values	 (δ
53Crsea	water	 ranging	 from	0.13	 to	
1.55‰;	 Goring-	Harford	 et	al.,	 2018)	 that	 are	 isotopically	 heavier	
compared	 to	 bulk	 silicate	 earth	 (−0.12	±	0.10‰	 2SD;	 Bonnand,	
James,	Parkinson,	Connelly,	&	Fairchild,	2013;	Frei	&	Polat,	2013;	
Schoenberg,	 Zink,	 Staubwasser,	 &	 Blanckenburg,	 2008).	 As	 the	
fractionation	of	Cr	isotopes	is	generally	understood	to	occur	during	
redox-	sensitive	 reactions	 (Ellis	 et	al.,	 2002),	 δ53Cr	 variations	 re-
corded	 in	 sedimentary	 rocks	 have	 important	 utility	 in	 determin-













Paulukat,	 Sial,	 &	 Ferreira,	 2015).	 Importantly,	 multiple	 analysis	
of	 a	 coral	 (Porites	 sp.)	 from	 the	Rocas	Atoll	 (BR)	 shows	δ53Cr	val-
ues	 of	 between	 −0.56	±	0.09‰	 and	 0.10	±	0.14‰	 (Pereira	 et	al.,	
2015)	 and	 intra-	species	 variations	 of	 core	 top	 planktonic	 fora-









Frei	et	al.	 (2018)	report	no	or	only	 little	 intra-	species	variations	in	
mollusc	 shell	 samples	 and	 attribute	 the	 resolvable	 variations	 to	
vital	 effects.	 This	 highlights	 that	 despite	 extensive	 investigations	
on	 biomineralisation	 processes	 of	 marine	 calcifying	 organisms	
(e.g.,	 Bentov	 et	al.,	 2009;	 Carré	 et	al.,	 2006;	 Weiner	 &	 Addadi,	
2011;	Weiss,	 Tuross,	 &	Addadi,	 2002),	 only	 little	 is	 known	 about	




proposed	 by	 Pereira	 et	al.	 (2015)	 for	 Cr	 uptake	 pathways	 and	Cr	
isotope	fractionation	during	incorporation	into	corals	suggests	that	
Cr(VI)	is	reduced	by	photo-	reduction	and	subsequently	re-	oxidised	














therefore	 use	 various	mechanisms	 to	 inhibit	 or	 tolerate	 oxidative	




Enzymatic	 or	 non-	enzymatic	 reduction	 of	 Cr(VI)	 to	 Cr(III)	 consti-
tutes	 another	 mechanism	 to	 detoxify	 Cr(VI)	 (Ramírez-	Díaz	 et	al.,	
























of	 the	 genus	Mytilus	 to	 record	δ53Cr	 values	 of	 ambient	 sea	water	
and	 to	assess	 their	utility	as	a	palaeo-	redox	proxy	archive.	To	 this	
end,	we	propose	 a	model	 for	 potential	 pathways	of	Cr	 incorpora-
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Kiel	 Fjord	 (approximately	 5	m	water	 depth	 to	 sea	 floor;	 Figure	1).	










Sea	 water	 samples	 (1.5–2	L)	 were	 filtered	 through	 0.45	μm nylon 
membrane	filters	(Advantec	MFS)	and	acidified	with	HCl	to	a	pH	of	
2	within	one	day	of	collection.	The	shell	tissue	of	all	mollusc	speci-





concentration	 of	 approximately	 50–100	ng	 in	 the	 sample	 aliquots.	
These	 shell	 sample	 aliquots	 were	 then	 separated	 into	 five	 groups	




removed	 from	a	 second	group	of	 samples,	dissolved	 in	NaOCl	and	
analysed	 separately	 (2).	 Similarly,	Cr	 associated	with	 the	 remaining	
























of	the	bulk	 (1)	and	Lpeeled	 (3)	 leaching	steps.	Every	analysis	of	com-
bined	[Cr]	and	δ53Cr	values	consumes	one	complete	shell	side.	Hence,	
Name Method
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the	 leaching	 procedures	 (Table	1)	 could	 not	 be	 conducted	 sequen-
tially,	but	on	individual	components	of	different	mollusc	shells	only.
2.2.2 | [Cr] and stable Cr isotope analysis
All	sea	water	samples	and	all	acid-	digested	bulk,	leachate	and	com-
ponent	samples	were	evaporated	to	dryness	on	a	hotplate	and	sub-
sequently	 spiked	with	 an	 adequate	 amount	 of	 a	 50Cr-	54Cr	 double	
































After	 Cr	 separation,	 samples	 were	 collected	 using	 1.5	μl	 of	 a	
2:1:0.5	mixture	 of	 silica	 gel,	 0.5	M	H3PO4	 and	 0.5	M	H3BO3 and 
transferred	onto	an	outgassed	Re	filament.	[Cr]	and	Cr	isotope	anal-
yses	were	conducted	on	an	IsotopX/GV	IsoProbe	T	thermal	ionisa-













were	 conducted	 to	monitor	 external	 reproducibility.	 The	 external	
reproducibility	of	the	δ53Cr	value	keeping	the	52Cr	signal	at	1V	re-
sults	 in	 ±	 0.08‰	2SD.	We	measure	 the	NIST	 SRM	 979	 standard	
at	δ53Cr	=	−0.08‰,	an	offset	 from	the	certified	0‰	values	 that	 is	
explained	 by	 original	 calibration	 of	 our	 double	 spike	 against	NIST	
3112a	and	accounted	for	in	all	results.
Carbonate	rock	standards	JDo-	1	and	JLs-	1	were	repeatedly	an-
alysed	 to	 determine	 the	 external	 reproducibility	 achieved	on	 rock	
standards	 (Table	2),	 and	both	 [Cr]	 and	δ53Cr	 values	 are	within	 the	









[Cr] ± 2SD (ppm) δ53Cr ± 2SD (‰) n Reference
JDo-	1 1.70	±	0.08 5 Pereira	et	al.	(2015)
6.83	±	0.39 1.69	±	0.05 10 Rodler	et	al.	(2015)
7.26	±	0.34 1.72	±	0.05 10 Bonnand	et	al.	(2011)
7.93 Imai,	Terashima,	Itoh,	
and	Ando	(1996)
6.97	±	0.35 1.66	±	0.08 2 This	study
JLs-	1 1.14 1.80	±	0.06 5 D’Arcy	et	al.	(2016)
1.90	±	0.07 3 Pereira	et	al.	(2015)
1.14	±	0.03 1.89	±	0.02 3 Rodler	et	al.	(2015)
1.05	±	0.01 1.99	±	0.02 1 Bonnand	et	al.	(2011)
3.37 Imai	et	al.	(1996)
1.83	±	0.19 1.95	±	0.12 7 This	study
TABLE  2 Carbonate	standards	used	for	
external	reproducibility
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1990;	Pereira	et	al.,	2015;	Rodler	et	al.,	2015).	Multiple	procedural	
blanks	(n	=	8)	remained	<	3.7	ng	Cr	for	the	sea	water	separation	pro-
cedure	and	≈1	ng	 for	bulk	shell	 sample	separation	 (Table	1,	proce-
dure	1).	These	blank	concentrations	are	significantly	below	the	Cr	
concentrations	 of	 our	 samples	 and	 are	 therefore	 not	 expected	 to	
affect	the	isotope	composition	of	our	samples.
Corrections	 for	 contamination	 by	 detrital	 Cr	 (δ53Cr	=	−0.12	±	
0.10‰)	are	usually	conducted	using	concentrations	of	immobile	el-
ements	such	as	Ti	or	Al	(Algeo	&	Maynard,	2004;	Gilleaudeau	et	al.,	
2016;	Reinhard	et	al.,	 2013;	Rodler	 et	al.,	 2015;	 Schoenberg	et	al.,	
2008).	The	strong	acids	used	to	dissolve	our	samples	may	leach	Cr	
associated	with	 detrital	 Cr	 and	 contaminate	 δ53Cr	 values.	We	 an-
alysed	aliquots	of	 selected	mollusc	 shell	 samples	 (bulk	and	LNaOCl; 
Table	1)	for	their	Al	concentrations	using	ICP-	MS	(conducted	at	the	
Geological	Survey	of	Denmark	and	Greenland,	Denmark)	along	with	
a	 standard	 reference	 material	 (BHVO-	1,	 basalt,	 USGS).	 However,	


















The	 step	 digestions	 allowed	 the	 determination	 of	 [Cr]	 and	
δ53Cr	values	 in	 carbonate	minerals	 and	 their	 associated	 shell	or-
ganic	matrices.	These	data	are	reported	in	Table	3	and	are	plotted	
with	 bulk	 values	 in	 Figure	2.	 Lpeeled	 (carbonate	minerals	 and	 the	
shell	organic)	show	a	range	of	[Cr]	from	7	to	38	ppb	and	leachate	
samples	 (LHCl)	 contain	Cr	 in	 concentrations	 of	 ≤	3.4	ppb	Cr.	 The	
low	[Cr]	of	LHCl	samples	indicates	that	leaching	shell	samples	with	
HCl	 preferentially	 dissolved	 carbonate	 minerals	 and	 minimised	
leaching	 of	 organically	 bound	 Cr	 from	 the	 shell	 organic	 matrix.	
Further,	 the	 low	 Cr	 concentrations	 contained	 in	 LHCl	 contribute	
only	 little	 or	 insignificantly	 to	 the	 total	 Cr	 concentration	 of	 the	
shell.	 The	 periostracum	 is	 an	 important	 host	 for	 Cr	with	 [Cr]	 as	
high	as	280–500	ppb,	over	 two	orders	of	magnitude	higher	 than	
those	in	the	LHCl	samples.
Cr	 contained	 in	 carbonate	 minerals	 is,	 together	 with	 Cr	 as-
sociated	 with	 the	 organic	 matrix,	 included	 in	 Lpeeled	 samples	
(mpeeled = mtotal	−	mperiostracum	≈	2.17	g).	Lpeeled	samples	contain	av-
erage	 [Cr]	of	19	ppb,	which	 is	75%	of	 total	Cr.	Despite	 the	small	
mass	fraction	of	periostraca	(1.4	wt%)	relative	to	the	total	mass	of	
the	shells	(mtotal	≈	2.2	g	and	mperiostracum	≈	0.03	g),	our	calculations	
show	 that	 on	 average	 ([Cr]	 	=	407	ppb),	 periostraca	 contribute	
with	22%	to	the	total	Cr	of	a	Mytilus	shell.	Average	[Cr]	contained	
in	Lpeeled	(19	ppb;	75%	of	total	Cr)	and	in	periostraca	(407	ppb;	22%	
of	 total	Cr)	 add	up	 to	 approximately	97%	of	Cr	 analysed	 in	bulk	
M. edulis	shells	(25	ppb).
Analyses	 of	 combined	 carbonate	 minerals	 and	 shell	 organic	
matrix	 (Lpeeled)	 reveal	 heterogeneous	 δ
53Cr	 values	 of	 between	
−0.34	±	0.25‰	and	 0.67	±	0.18‰.	 The	 total	 Cr	 content	 of	 both	
LHCl	 samples	 and	 periostraca	 is	 too	 low	 (approximately	 9	ng	 Cr)	
to	analyse	for	their	δ53Cr	values.	To	characterise	variations	 in	Cr	
concentrations	 and	 δ53Cr	 values	 between	 samples	 with	 nearly	
complete	 periostraca	 and	 samples	 without	 periostraca,	 we	
leached	 individual	 shell	 sides	with	NaOCl	 for	 different	 time	 pe-
riods	(LNaOCl;	Figure	3).	Since	it	was	not	possible	to	step	leach	the	
same	shell	specimen	and	analyse	a	time-	series	of	the	Cr	 isotopic	
composition	of	all	 fractions,	 the	results	of	 the	 leached	shells	are	
susceptible	to	variations	in	[Cr]	and	δ53Cr	values.	Our	analyses	of	
LNaOCl	do	not	show	a	change	in	[Cr]	for	short	(up	to	16	hr)	 leach-
ing	periods.	Only	after	72-	hr	 leaching	 time,	 [Cr]	 fall	 significantly	
to	8–10	ppb	from	previously	26–60	ppb	(leached	with	NaOCl	for	
up	to	16	hr)	 (Table	3;	Figure	3).	Samples	containing	the	complete	




However,	 NaOCl	 leachates	 (LNaOCl)	 likely	 overestimate	 the	 off-




(Equation	2)	 and	 average	 values	 for	 Cr	 concentrations	 and	 iso-









3.2 | Cr in bulk Mytilus samples
In	 addition,	 bulk	Mytilus	 shells	 and	 ambient	 sea	water	 from	 differ-
ent	 locations	were	measured	 to	 better	 constrain	 spatial	 (global)	 Cr	
variability	 as	well	 as	 the	 range	of	 variability	 at	 individual	 locations.	
(2)δ53Crperiostracum=
δ
53CrLpeeled ∗ [Cr]LHCl −δ
53Crbulk ∗ [Cr]bulk
[Cr]Lpeeled− [Cr]bulk
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TABLE  3  [Cr]	and	Cr	isotopic	compositions	of	cultivated	Mytilus edulis	samples	from	Kiel
Digestion Sample name δ53Cr  ± 2SDb (‰) [Cr] (ppb)  Δ53Crx
sw
 (‰)
Sea	water seawater_KI-	1 0.62	±	0.19 41.7a
Sea	water seawater_KI-	2 0.50	±	0.14 90.6a
0.56	±	0.17 66.2a
Bulk DE-	KI_1 0.36	±	0.09b 33
Bulk DE-	KI_3 0.74	±	0.25 17
Bulk DE-	KI_4 0.26	±	0.12 34
Bulk DE-	KI_19 1.25	±	0.10b 23
Bulk DE-	KI_23 0.14	±	0.11b 13
Bulk DE-	KI_24 0.23	±	0.22 12
Bulk DE-	KI_25 0.39	±	0.08 17
Bulk DE-	KI_41 0.13	±	0.17 26
Bulk DE-	KI_42 −0.15	±	0.14 46
Bulk DE-	KI_43 −0.30	±	0.11b 33
Bulk DE-	KI_45 −0.10	±	0.20 58
Bulk DE-	KI_48 0.13	±	0.08 35
Bulk DE-	KI_49 0.40	±	0.08 16
Bulk DE-	KI_78	 0.14	±	0.37 34
Bulk DE-	KI_80 −0.05	±	0.08b 24
Bulk DE-	KI_85 0.03	±	0.16 20

















Average	(n	=	8) 0.19	±	0.60 19 −0.37
LHCl DE-	KI_HCl_30	 n. a. 2
LHCl DE-	KI_HCl_31	 n. a. 3




LNaOCl	(0.5) DE-	KI_NaOCl_51	 0.28	±	0.09 30
LNaOCl	(0.5) DE-	KI_NaOCl_52	 0.46	±	0.40 45
LNaOCl	(0.5) DE-	KI_NaOCl_53 0.26	±	0.16 49
Average	(0.5)	(n	=	3) 0.33	±	0.12 41 −0.23
LNaOCl	(2) DE-	KI_NaOCl_60 0.13	±	0.11 57
LNaOCl	(2) DE-	KI_NaOCl_66 0.63	±	0.08 44
LNaOCl	(4) DE-	KI_NaOCl_68	 0.37	±	0.09 33



















2SD)	bulk	δ53Cr	values	of	all	 shell	 samples	measured	 in	 this	 study	
are	found	in	shells	from	Kiel	Fjord	(Figure	4	and	Table	3).	Excluding	
shell	samples	from	Kiel	Fjord,	the	δ53Cr	values	of	shell	samples	from	
all	 other	 locations	 range	 from	 −0.04	±	0.26‰	 to	 0.57	±	0.09‰.	
The δ53Cr	 values	 of	 individual	 shell	 samples	 from	 Storebælt	 vary	
between	 0.09	±	0.04‰	 and	 0.30	±	0.07‰	 and	 from	 Disko	 Bay	





δ53CrBaltic	 inland	 sea	=	0.22	±	0.02‰).	 These	 samples	 from	Baltic	 Sea	








4;	 Figures	4	 and	 5).	 The	Δ53Crbulk Mytilus
sea water
	 offsets	 of	 (average)	Mytilus 
vary	 between	 0.17‰	 and	 0.91‰	 across	 all	 locations	 (Table	4).	 At	
















Digestion Sample name δ53Cr  ± 2SDb (‰) [Cr] (ppb)  Δ53Crx
sw
 (‰)
LNaOCl	(72) DE-	KI_NaOCl_65	 0.08	±	0.08 8
Average	(72)	(n	=	2) 0.13	±	0.04 9 −0.43
Periostracum DE-	KI_perio_69 n. a. 534
Periostracum DE-	KI_perio_70 n. a. 280


































LHCl Periostracum: 228 ppb
534 ppb





Mytilus	between	different	 locations	may	 indicate	 locally	or	globally	
variable	sea	water	chemistry	influencing	the	δ53Cr	values	of	precipi-
tating	carbonates	and	their	isotopic	offset	from	sea	water.
4.1 | Cr concentration and isotope variability during 
incorporation into cultivated M. edulis (Kiel Fjord)




fractions	 and	 can	 contain	 large	 amounts	 of	 Cr.	 Periostraca	 are	
easily	 abraded,	 and	variable	 amounts	of	 periostraca	of	 individual	
shells	can	potentially	influence	their	bulk	δ53Cr	value	and	thus	the	
heterogeneity	 in	 δ53Cr	 values	 from	Kiel	 Fjord	 (−0.30	±	0.11‰	 to	
1.25	±	0.10‰).	 Furthermore,	 periostraca	 may	 be	 susceptible	 to	
short-	term	changes	in	δ53Crsea	water	since	they	can	adsorb	Cr	directly	
from	 sea	 water	 similarly	 to	 byssal	 threads	 (Chassard-	Bouchaud	
et	al.,	1989).	However,	also	the	shell	 samples	without	periostraca	
(Lpeeled)	 exhibit	 a	 large	 range	 of	 δ
53Cr	 values	 (−0.34	±	0.25‰	 to	




of	 Cr	 are	 likely	 incorporated	 into	 the	 shell	 valves	 in	 association	
with	the	shell	organic	matrix	and	the	periostracum.	This	contrasts	






4.1.1 | Cr fractionation factors in cultivated 
M. edulis
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Using	a	Rayleigh	 fractionation	model,	 the	 transient	Cr	 isotopic	
composition	 (δ53Crt)	 is	 calculated	 by	 setting	 the	 initial	 Cr	 isotopic	
composition	 (δ53Cr0)	 in	 relation	 to	 the	 “remaining”	 Cr	 fraction	 (f)	
























Bulk STBA-	1 Mytilus 
californianus
0.45	±	0.07 37
Bulk STBA-	2 M. californianus 0.39	±	0.02 33
Average 0.42	±	0.08 35
North	Atlantic	and	North	Sea
Thorsminde,	DK Sea	water 1.02	±	0.08b 0.91
Bulk DK-	TM1 Mytilus edulis 0.10	±	0.06 206





Bulk DK-	GS1 M. edulis 0.21	±	0.10 76
Bulk DK-	GS2 M. edulis 0.12	±	0.06 53
Bulk DK-	GS3 M. edulis 0.10	±	0.04 92
Average 0.14	±	0.12 74
Limfjord,	DK Bulk DK-	LF1 M. edulis 0.40	±	0.02 35
Bulk DK-	LF2 M. edulis 0.30	±	0.1 84
Bulk DK-	LF3 M. edulis 0.28	±	0.15 60
Bulk DK-	LF4 M. edulis 0.36	±	0.08 60
Average 0.34	±	0.11 60
Disko	Bay,	GL Sea	water 0.73	±	0.10b 0.31
Bulk GL-	DB1 M. edulis 0.35	±	0.09 100
Bulk GL-	DB2 M. edulis 0.34	±	0.1 120
Bulk GL-	DB3 M. edulis 0.57	±	0.09 150
Average 0.42		±	0.26 123
South	Atlantic
La	Paloma,	UY Bulk Uy-	LP1 Mytilus	sp. 0.04	±	0.15 43
Mediterranean	Sea
Syracuse	(Sicily),	IT Bulk IT-	SI1 M. edulis −0.04	±	0.26a 95
Baltic	Sea,	Sound,	Kattegat




Bulk DK-	Fyn1 M. edulis 0.09	±	0.04 53
Bulk DK-	Fyn2 M. edulis 0.30	±	0.07 52
Bulk DK-	Fyn3 M. edulis 0.22	±	0.05 68
Bulk DK-	Fyn4 M. edulis 0.29	±	0.03 45
Bulk DK-	Fyn5 M. edulis 0.26	±	0.06 121
Average 0.23	±	0.17 68
a2SE.	bData	from	Paulukat	et	al.	(2016).	
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ratio	 of	 the	 transient	 [Cr]	 (Ct)	 and	 the	 initial	 [Cr]	 (C0;	 Equation	5).	
Since	 the	 initial	Cr	 reservoir	 (C0)	 shows	 lower	 [Cr]	 than	 the	 prod-
uct	(shell),	Crt	was	increased	from	a	starting	point	of	[Cr]sea	water	to	
[Cr]shell.






&	 Beller,	 2012)	 and	 oxidation	 (≈+0.2‰;	 Zink,	 Schoenberg,	 &	
Staubwasser,	2010)	from	published	literature	were	used	to	approach	






lower	 than	 the	 ε	 suggested	 for	 fractionation	 between	 sea	 water	





since	 these	 fractions	do	not	 show	distinct	ε* or δ53Cr	values	 (e.g.,	
shell	organic	matrix).	Instead,	this	indicates	that	the	highly	variable	
ratios	of	53Cr/52Cr	are	incorporated	into	the	shell,	likely	into	the	shell	
organic	matrix.	Thus,	both	Cr(III)	 and	Cr(VI)	can	be	 transported	 to	
the	EPS	and	be	incorporated	into	M. edulis	shells.
4.1.2 | Cr incorporation model into cultivated 
M. edulis
The δ53Cr	 values	 of	 the	 majority	 of	 our	 bulk,	 Lpeeled	 and	 LNaOCl 
M. edulis	 samples	 from	Kiel	Fjord	 (DE)	are	 lower	 than	ambient	 sea	
water	δ53Cr	values	with	 fractionation	 factors	between	ε*	−0.14‰	








Farkaš	et	al.,	 2018;	Frei	 et	al.,	 2018;	Holmden	et	al.,	 2016;	Pereira	
et	al.,	 2015;	Wang	 et	al.,	 2016).	 Nevertheless,	 some	 bulk	 samples	




cells	 and	our	 results	 from	Cr	 analyses	of	M. edulis	 from	Kiel	 Fjord	
(DE),	 we	 discuss	 a	 three-	step	model	 for	 Cr(III)	 and	 Cr(VI)	 uptake.	
Figure	7	 shows	 a	 simplified	 illustration	 of	 the	 three-	step	 pathway	
from	sea	water	through	one	layer	of	epithelial	cells	and	into	the	EPS	










or	 clay)	 and	 organic	 (e.g.,	 phytoplankton)	 particles.	Mytilus	 filter	
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valves	 depending	 on	 food	 availability	 (step	 1).	 While	 particle-	
bound	Cr	is	ingested	into	the	digestive	system,	dissolved	Cr	spe-
cies	 can	 directly	 be	 accumulated	 from	 sea	 water.	 To	 reach	 the	
EPS	from	the	body	cavity	or	the	digestive	system,	Cr	has	to	pass	
two	layers	of	epithelial	cells	(step	2).	As	a	possible	transport	path-
way	of	Cr	 through	 an	 epithelial	 cell,	 dissolved	 chromate	may	be	
transported	via	sulphate	channels	(Figure	7,	reaction	5).	This	was	
observed	 for	microbial	 cells	where	 chromate	 can	 enter	 cells	 via	
sulphate	channels	and	is	effluxed	by	the	ChrA	protein	(Cervantes	
et	al.,	 2001).	 In	 another	 possible	 pathway,	 Cr	 contained	 in	 sea	
water	or	 the	body	fluid	 is	vacuolised	by	an	epithelial	cell	via	en-
docytosis	 (Bentov	&	Erez,	2006).	Cr	 is	 then	transported	 through	
the	 cell,	 possibly	 as	Cr(III)	 in	 association	with	 sulphur	 and	phos-


















4.1.3 | Cr fractionation during sea water 
ingestion and Cr uptake









changing	 redox	conditions	 (step	1;	Figure	8).	 Since	 the	epithelial	
cells	 are	 protected	 from	 environmental	 changes	 and	 the	 condi-
tions	within	cells	are	 thought	 to	be	constant,	possible	 fractiona-

































be	 partially	 reduced	 (Figure	8a)	 due	 to	 the	 onset	 of	 anoxic	 condi-
tions	(step	1).	Regardless	whether	the	sea	water	is	Cr(VI)-	or	Cr(III)	















of	Cr(III)	within	 the	 vesicles	 (∗
2
	=	−0.04‰)	 could	 contribute	 to	 ex-
plaining	the	generally	negative	Cr	isotopic	offset	between	sea	water	
and Mytilus	shells	(Ib)	0.54‰	and	II)	−0.20‰).
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sea	water	 trapped	between	 shell	 valves	 (Figure	8b,	 step	1).	Both	
abiotic	and	biotic	Cr	reduction	reactions	are	fast	enough	to	be	able	
to	reduce	a	significant	fraction	of	Cr(VI)	 in	the	entrapped	fluid	to	
Cr(III),	 making	 it	 adsorptive	 to	 organic	 molecules	 or	 reactive	 to-
















































2) Via digestive system
3) Transport via channels/pumps
4) Intracellular diffusion
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reduction	 reactions	 as,	 for	 example,	 reactions	with	Fe(II)-	bearing	
minerals	can	reduce	50%	of	total	Cr(VI)	within	35	min	while	biotic	
reduction	requires	4	hr	to	2	days	(Basu	and	Johnson,	2012;	Sikora	
et	al.,	 2008).	 Vesicular	 Cr	 transport	 through	 epithelial	 cells	 may	
also	 induce	Cr	 isotope	 fractionation	 (∗
2
	=	−0.04‰).	 The	 resulting	








4.2 | Environmental factors causing Cr isotope 
fractionation prior to uptake
There can be a large variance in δ53Cr	values	from	the	same	or	proxi-
mate	sampling	sites.	For	example,	Mytilus	from	Sejerø	Bay	(Zealand),	
Storebælt	 (Funen)	and	Kiel	Fjord	 (DE)	yield	bulk	δ53Cr	values	from	
−0.05	±	0.08‰	 to	 1.25	±	0.10‰.	This	 indicates	 that	 single	 organ-
isms	 respond	 to	micro-	environmental	 conditions,	which	may	 then	
have	a	large	impact	on	the	δ53Cr	value	of	a	shell.
Despite	the	possibly	 large	range	of	δ53Cr	values,	average	δ53Cr	
values	 of	 samples	 from	 individual	 sampling	 sites	 are	 distinct	 and	
statistically	 discernible	 (Figure	4;	 Table	4).	 Specimens	 collected	 in	
the	Baltic	Sea	show	similar	average	δ53Cr	values	 (0.21	±	0.08‰	to	
0.23	±	0.17‰).	 In	 addition,	 the	 ε*	 values	 of	Mytilus	 shells	 can	 be	
grouped	 according	 to	 their	 location	 (Table	4).	While	Mytilus	 from	
Storebælt	(DK)	yield	ε*	≈	−0.02‰	(Figure	9a),	samples	from	Grenen	
(DK)	 show	 a	 lower	 fractionation	 between	 sea	 water	 and	Mytilus 
(ε*	=	−0.14‰;	 Figure	9c),	 indicating	 a	 preferential	 uptake	 of	 isoto-





4.2.1 | Micro- environmental sea water conditions
Mytilus	are	sessile	and	attach	to	a	substrate	(e.g.,	rock	or	older	Mytilus 
shell)	 as	 larvae	or	 juveniles,	and	younger	 individuals	may	overgrow	
older	ones.	Thus,	small-	scale	changes	(e.g.,	mucus)	in	sea	water	chem-
istry	 may	 significantly	 influence	 the	 δ53Cr	 values	 of	 some	Mytilus 
while	others	are	unaffected.	We	hypothesise	that	in	a	dense	popula-
tion	of	Mytilus,	a	chemical	gradient	may	establish	between	well-	mixed	
open	 sea	 water	 containing	 mainly	 dissolved	 Cr(VI)	 and	 restricted	
organic-	rich	 sea	water	 (Cr(III))	 caught	 in	 the	 limited	 space	between	














M. edulis	 from	Kiel	Fjord).	However,	since	the	position	of	 individual	
shells	relative	to	other	shells	was	not	recorded	during	our	sampling	
campaign,	we	are	unable	to	substantiate	the	above	hypothesis.
4.2.2 | Local environmental sea water conditions
The	 different	 average	 δ53Cr	 values	measured	 in	Mytilus	 from	 Kiel	
Fjord,	Disko	Bay	and	Thorsminde	could	suggest	that	each	sampled	





water	 body	 and	 its	 overall	 lower	 salinity	 (brackish	 water,	 6	 PSU;	















warmer	Mediterranean	 Sea	 relative	 to	 northern	 ocean	 basins	 and	
therefore	by	an	increased	food	availability	associated	with	light	Cr.	
The	frequency	of	algal	blooms	in	different	water	bodies	may	influ-
ence δ53Cr	 variability	 in	 biogenic	 carbonates	 as	 algae	 blooms	 can	
significantly	affect	δ53Cr	values	of	sea	water.	For	example,	seasonal	
algae	blooms	in	the	Sound	(DK)	occur	from	late	summer	to	autumn.	
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tionation	 factors	 (ε*	≈	0.01–0.10‰)	 are	 observed	 in	 few	 bulk	 shell	
samples	 from	 Kiel	 Fjord	 (DE-	KI_3:	 δ53Cr	=	0.74	±	0.25‰	 and	 DE-	




















The	 majority	 of	 M. edulis	 shell	 samples	 from	 the	 Kiel	 Fjord	
(ε*average	≈	−0.08‰)	 and	 all	 samples	 from	 Grenen	 (DK,	 Skagerrak;	
ε*	≈	−0.14‰),	Thorsminde	 (DK,	North	Sea;	 ε*	≈	−0.13‰)	and	Santa	






























































–2 0 2 4 6 
–2 0 2 4 6 
–2 0 2 4 6 
–2 0 2 4 6 
–2 0 2 4 6 
ln[Cr] 









432  |     BRUGGMANN et Al.
This	 indicates	that	Cr(III)	 incorporation	 is	more	efficient	 than	Cr(VI)	
incorporation	 in	Mytilus.	Variable	concentrations	of	Cr(VI)	 (Figure	8,	
I)	and	Cr(III)	(Figure	8,	II)	in	sea	water	may	significantly	influence	the	
δ53Cr	 values	 of	 biogenic	 carbonates	 and	 thus	Mytilus	 (Wang	 et	al.,	
2016).	Low	δ53Cr	values	were	observed	 in	M. edulis	 from	Kiel	Fjord	










duce	 partial	 reduction	 of	 Cr(VI)	 to	Cr(III)	 during	 shell	 valve	 closure	
(step	1,	Figure	8a).	Prolonged	valve	closure,	 for	example,	caused	by	







Mytilus	 shell	 samples	 showing	 δ53Cr	 values	 close	 to	 sea	 water	
(ε*	≈	−0.02‰)	 were	 found	 at	 Storebælt	 (GL-	DB3:	 0.57	±	0.09‰),	
Disko	 Bay	 (DK-	Fyn2:	 0.30	±	0.07‰)	 as	 well	 as	 in	 Kiel	 Fjord	 (DE-	
KI_49:	 0.40	±	0.08‰,	 DE-	KI_peeled_36:	 0.37	±	0.09‰,	 DE-	KI_
NaOCl_52:	 0.46	±	0.05‰,	 DE-	KI_NaOCl_68:	 0.37	±	0.09‰).	 In	 a	
closed	 system	 (shell	 valves	 closed	 for	 up	 to	 several	 days;	Babarro	
and	Zwaan	(2008)),	Cr	reduction	in	sea	water	trapped	between	the	













4.4 | Cr isotope offset between bulk Mytilus 
shells and ambient sea water
While	offsets	between	δ53Cr	values	of	shells	and	ambient	sea	water	



















titative,	 leaving	 no	 time	 for	 fractionation	 processes	 to	 take	 place.	
This	is	in	agreement	with	previous	findings	that	Cr	may	be	adsorbed	
onto	 byssal	 threads	 of	Mytilus	 directly	 from	 sea	water	 (Chassard-	
Bouchaud	et	al.,	1989).
The	majority	of	the	bulk	Mytilus	samples	from	different	sampling	







































Cr	 reduction	and	 iii)	 sea	water	biogeochemistry	of	 the	 local	environ-
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takes	place	in	the	sea	water	trapped	between	the	closed	shell	valves.	
Cr(III)	and	Cr(VI)	contained	in	sea	water	that	is	either	filtered	with	open	











Sea	 water	 biogeochemistry	 may	 further	 influence	 the	 pro-
nounced	heterogeneity	of	δ53Cr	values	 in	Mytilus	shells	from	both	
within	 a	 colony	 and	 from	 different	 locations.	 Micro-	 (e.g.,	 gradi-
ent	of	mucus	and	thus	OM	from	central	 to	peripheral	colony)	and	





	 range	 from	0.17	 to	0.91‰	
and	are	consistent	with	previously	reported	offsets	of	biogenic	car-
bonates.	Mytilus	from	two	locations	around	the	Baltic	Sea	(Kiel	Fjord	
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